Abstract: The reduction of stiffness properties due to transverse ply cracking in [±8 m/90nl.laminates loaded in quasi-tension is examined theoretically. Predictions of a simple theoretical model based on a modified 2-D shear-lag analysis, are in good agreement with experimental data. The energy released as a result of matrix cracking is also calculated and used to predict crack initiation and multiplication.
Q (2) Q(2)
cracking, respectively. The A 22 and A 66 parameters describe the stiffness loss of the 90°ply caused by matrix cracking; they are functions of crack density and also of the in-situ constraining condition of the 90°lamina. In order to determine A 22 and A 66 , the authors proposed a 2-D shear-lag analysis where the out-of-plane shear stresses vary linearly across the whole thickness of the constraining layer( ply 1 ). In this work, the 2-D shear-lag analysis is further improved to permit partial linear variation of out-ofplane shear stresses across the thickness of the constraining layer, Fig.I , Combining this shear stress variation with out-of-plane stress-strain and strain-displacement relations and taking the average values across the ply thickness, the interface shear stresses can be expressed in terms of in-plane displacements. Following the derivation process in [4, 5] , the microstress field in the cracked laminate is obtained. 
where M is the number of cracks over the gauge length, 2l, and D J = hdsJ' For uniform crack spacing, eqns(2,3) are reduced to those derived in ref. [4] . <Pi, I', and )..j are functions of lamina elastic properties and laminate stacking sequence ( ref. Unfortunately, there are no reliable experimental data avaliable for shear modulus reduction due to transverse ply cracking. Therefore, we can not test the accuracy of th new theory. However, theoretical predictions are also shown in Fig.2 
where U is the total strain energy stored in the laminate element. a ; and Ei are the average laminate stress and strain vectors, respectively. Using the lamina constitutive relation (ref. [5] ), get
The energy release rate is equal to the first partial derivative of the potential energy with respect to crack surface area, A,-under fixed applied laminate stresses. Using eqns (4, 5) , an expression for the energy release rate due to matrix cracking is derived (ref. [5] ).
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where Sij is the in-plane compliance matrix of the damaged laminate; Ef is a permanent strain due to .he interaction effect of damage and residual strains (E~(k)).
The parameter D" (= 2h 2 Cd) represents the total crack surface area per unit length and width of laminate; Cd is the average crack density (=M/21). Knowing the in-plane stiffness matrix of the cracked lamina for a given crack density, the energy release rate can be derived from eqn (6) , and the tedious integration operation found in existing fracture models'' is completely avoided. The criterion for stable growth of transverse ply cracking was introduced in reference [4] as (7) where G R is the laminate resistance to multiple transverse ply cracking. The laminate resistance to transverse ply cracking is calculated from eqns(1-3,6,7), and substituting measured laminate stress-crack density data into left-hand side of eqn(7). In Fig.3 the crack resistance GR is plotted against the accumulated damage for T300/934 [0/90 n ] . laminates for uniform and non-uniform crack spacing. When the matrix cracking starts the resistance increases rapidly but becomes stable with further cracking. The critical energy release rate Gtc and R-curve for the [0/90 2 ] . laminate are different from the [0/90]. lay-up. We believe that this is due to different failure mechanism observed in cross-ply laminates with thicker transverse plies. Highsmith and Reifsnider! found delamination between the 0 0 and 90 0 plies and extensive crack branching in cross-ply laminates with a high consecutive number of 90 0 layer (n 2: 2).
Groves and co-workers" in their experimental work observed that the damage in the [0/90 2 ] . and [0/90 3 ] . laminates consists of three distinctly different types of transverse cracks: straight cracks, partial angled cracks and curved cracks; each having its own unique growth mechanism. A straight crack extends completely through the 90 0 plies and grows very suddenly and probably emanates from a pre-existing microscopic flaw. This behaviour is a form of 'brittle' fracture and can be described by fracture mechanics concepts. It is 'widely accepted that the density of straight cracks is driven by shear-lag between the transverse plies and the constraining layer. A curved crack initially forms as a partial angled crack extending from 0/90 interface oriented, according to Groves et al. observation , at an angled less than 90 0 to the laminate plane. The growth of such a crack is much slower than that of a straight crack, suggesting a 'ductile' fracture mode and different approach of analysis might be required.
Looking at Fig.3 , It is interesting to see that the effect of crack interaction (due to non-uniform crack spacing) on energy release rate is small when damage is less than 0.2 (average crack spacing is about five times the thickness of the 90 0 plies), regardless the number of the consecutive transverse plies and orientation angle of the constraining layer. However, the resistance curve of the [0/90 2] . laminate is still above the R-curve of the laminate with thin 90 0 ply, suggesting that there is another failure mechanism dominating the resistance behaviour at the initial stage of damage. Other failure modes such as delamination should be addressed. Finally, using eqn(7) the crack initiation and growth can be plotted as a function of applied load, Fig.4 . 
